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Description 

Field of the Invention 

[0001 ] The invention relates to apparatus and methods 
for assessment of neuromuscular function. More specif- 
ically, the invention relates to apparatus and methods for 
diagnosing peripheral nerve and muscle pathologies 
based on assessments of neuromuscular function. 

Background of the Invention 

[0002] There are many clinical and non-clinical situa- 
tions that call for a rapid, reliable and low-cost assess- 
ments of neuromuscular function. Reliable and automat- 
ed devices are needed to monitor neuromuscular func- 
tion in surgical and intensive care settings. For example, 
muscle relaxants significantly improve surgical proce- 
dures and post-operative care by regulating the efficacy 
of nerve to muscle coupling through a process called 
neuromuscular blockade. They are, however, difficult to 
use in a safe and effective manner because of the wide 
variation and lack of predictability of patient responses 
to them. In another setting, an easy to use and reliable 
indicator would be beneficial in assessing potential con- 
tamination exposure situations by chemical agents. 
These agents disrupt neuromuscular function and effec- 
tively cause neuromuscular blockage, putting soldiers 
and civilians at risk. 

[0003] The most common causes of neuromuscular 
disruption are, however, related to pathologies of the pe- 
ripheral nerves and muscles. Neuromuscular disorders, 
such as, for example, Carpal Tunnel Syndrome (CTS), 
are very common and well known to the general public. 
Despite their extensive impact on individuals and the 
health care system, detection and monitoring of such 
neuromuscular pathologies remains expensive, compli- 
cated, and highly underutilized. 
[0004] CTS is one of the most common forms of neu- 
romuscular disease. The disease is thought to arise from 
compression of the Median nerve as it traverses the wrist. 
CTS often causes discomfort or loss of sensation in the 
hand, and, in severe cases, a nearly complete inability 
to use one's hands. Highly repetitive wrist movements, 
as well as certain medical conditions, such as, for exam- 
ple, diabetes, rheumatoid arthritis, thyroid disease, and 
pregnancy, are thought to be factors that contribute to 
the onset of CTS. In 1995, the US National Center for 
Health Statistics estimated that there were over 1 .89 mil- 
lion cases of CTS in the United States alone. 
[0005] Effective prevention of CTS requires early de- 
tection and subsequent action. Unfortunately, the state 
of CTS diagnosis is rather poor. Even experienced phy- 
sicians find it difficult to diagnose and stage the severity 
of CTS based on symptoms alone. The only objective 
way to detect CTS is to measure the transmission of neu- 
ral signals across the wrist. The gold standard approach 
is a formal nerve conduction study by a clinical neurolo- 



gist, but this clinical procedure has a number of important 
disadvantages. First, it is a time consuming process that 
requires the services of a medical expert, such as a neu- 
rologist. Second, the procedure is very costly (e.g., 
s $600-$1000). Furthermore, it is not available in environ- 
ments where early detection could significantly decrease 
the rate of CTS, such as the workplace where a significant 
number of causes of CTS appear. As a result of these 
disadvantages, formal electrophysiological evaluation of 

w suspected CTS is used relatively infrequently, which de- 
creases the likelihood of early detection and prevention. 
[0006] The prior art reveals a number of attempts to 
simplify the assessment of neuromuscular function, such 
as in diagnosing CTS, and to make such diagnostic 

*s measurements available to non-experts. Rosier (U.S. 
Pat, No. 4,807,643) describes a portable device for 
measuring nerve conduction velocity in patients. This in- 
strument has, however, several very important disadvan- 
tages. First, it requires placement of two sets of elec- 
ta trodes: one set at the stimulation site and one set at the 
detection site. Consequently, a skilled operator with a 
fairly sophisticated knowledge of nerve and muscle anat- 
omy must ensure correct application of the device. Inap- 
propriate placement of one or both of the electrode sets 

25 can lead to significant diagnostic errors. Second, the 
Rosier apparatus suffers from the disadvantage that it is 
not automated. In particular, it demands that the user of 
the device establish the magnitude of the electrical stim- 
ulus, as well as a response detection threshold. These 

30 parameters are difficult to determine a priori, and their 
rapid and correct establishment requires an advanced 
understanding of both neurophysiology and the detailed 
electronic operation of the apparatus. 
[0007] Spitz, et al. (U.S. Pat. No. 5,215,100) and Lem- 

35 men (U.S. Pat. No. 5,327,902) have also attempted to 
enhance the earlier prior art. Specifically, they proposed 
systems that measure nerve conduction parameters be- 
tween the arm or forearm and the hand, such as would 
be required for diagnosing CTS. In both cases, however, 

^0 electrode supporting structures or fixtures were pro- 
posed that would substantially fix the positions at which 
the stimulation electrodes contact the arm and the de- 
tection electrodes contact the hand. Furthermore, these 
systems suffer, from several important disadvantages. 

<5 First, both systems are rather large and bulky, because 
they include a supporting fixture for the arm and hand of 
an adult. This severely limits their portability and increas- 
es their cost. Second, these devices still require highly 
trained operators who can make the appropriate adjust- 

so ments on the apparatus so as to insure electrode contact 
with the proper anatomical sites on the arm and hand. A 
third disadvantage of both systems is that they continue 
to demand multiple operator decisions regarding stimu- 
lation and detection parameters. Finally, these prior art 

55 systems suffer from the disadvantage that they do not 
automatically implement the diagnostic procedure and 
indicate the results in a simple and readily interpretable 
form. 
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[0008] There remains a need, therefore, for apparatus 
and methods for assessing neuromuscular function that 
are less time consuming, less expensive, and more avail- 
able to a wider range of the general public (i.e., are more 
portable and easy to use). Such apparatus and methods 
are needed to provide more widespread early detection 
and prevention of neuromuscular pathologies, such as 
CTS. The present invention addresses these needs. 
[0009] The apparatus of the present invention is as 
claimed in claim 1. The method of the present invention 
is as claim 7. Optional features are recited in the depend- 
ent claims. 

Summary of the Invention 

[0010] In accordance with the invention, apparatus 
and methods are provided for the substantially automat- 
ed, rapid, and efficient assessment of neuromuscular 
function without the involvement of highly trained person- 
nel. Assessment of neuromuscular function occurs by 
stimulating a nerve, then measuring the response of a 
muscle innervated by that nerve. The muscle response 
is detected by measuring the myoelectric potential gen- 
erated by the muscle in response to the stimulus. One 
indication of the physiological state of the nerve is pro- 
vided by the delay between application of a stimulus and 
detection of a muscular response. If the nerve is dam- 
aged, conduction of the signal wathe nerve to the muscle, 
and, hence, detection of the muscle's response, will be 
slower than in a healthy nerve. An abnormally high delay 
between stimulus application and detection of muscle 
response indicates, therefore, impaired neuromuscular 
function. In apparatus and methods of the invention, both 
the application of stimulus and the detection of responses 
is carried out entirely at a position that is immediately 
proximal to the wrist of an individual (i.e., the wrist 
crease). This anatomical location is familiar and easy to 
locate, thus ensuring correct placement of the apparatus 
at the assessment site by non-experts while still main- 
taining the accuracy of results. This ease of use increases 
the availability and decreases the cost of diagnosing 
pathologies such as Carpal Tunnel Syndrome (CTS). 
[001 1] Apparatus and methods of the invention assess 
neuromuscular function in the arm of an individual by 
using a stimulator to apply a stimulus to a nerve that 
traverses the wrist of the individual. The stimulator is 
adapted for applying the stimulus to the nerve at a posi- 
tion which is proximal to the wrist of the individual. The 
stimulus may be, for example, an electrical stimulus or a 
magnetic stimulus. Other types of stimuli may be used. 
A detector, adapted for detecting the myoelectric poten- 
tial generated by a muscle in response to the stimulus, 
detects the response of the muscle to the stimulus at a 
site that is also proximal to the wrist of the individual. A 
controller then evaluates the physiological function of the 
nerve by, for example, determining a delay between ap- 
plication of stimulus and detection of myoelectic poten- 
tial. The delay is then correlated to the presence or ab- 



sence of a neuromuscular pathology, such as, for exam- 
ple, Carpal Tunnel Syndrome (CTS). 
[0012] In a preferred embodiment, the stimulator and 
the detector are both in electrical communication with 

5 electrodes adapted for placement on the arm of an indi- 
vidual proximal to the wrist. The controller may also be 
in electrical communication with a reference electrode 
and a temperature sensor. An apparatus of the invention 
may further comprise a communications port for estab- 

10 lishing communication between the apparatus and an 
external device, such as, for example, a personal com- 
puter. 

[001 3] In another embodiment, an apparatus of the in- 
vention further comprises an indicator. The indicator is 

*5 in electrical communication with the controller and is 
adapted for indicating the physiological function evaluat- 
ed by the controller in response to the stimulus applied 
and myoelectic potential detected. The indicator may 
comprise a light emitting diode. In a particularly preferred 

20 embodiment, the indicator is adapted for indicating the 
presence or absence of CTS. 

[0014] An apparatus of the invention may be further 
embodied in an electrode configuration contained in an 
electrode housing for releasably securing to the wrist of 

25 an individual. The electrode housing contains an attach- 
ment mechanism, such as, for example, a non-irritating 
adhesive material, for securing to the arm of the individual 
and may be disposable. The electrode housing prefera- 
bly has a connector for electrical communication with an 

30 apparatus comprising a stimulator, a detector, and a 
processor, as described above. 
[0015] The electrode housing comprises stimulation 
and detection electrodes. The stimulation and detection 
electrodes are sized and shaped in the housing so that 

35 they contact an anterior aspect of an arm of the individual 
proximal to the wrist, when the housing is secured to the 
wrist of the individual. The electrode configuration may 
further contain a temperature sensor and/or a reference 
electrode. 

40 [0016] In a preferred embodiment, the electrode con- 
figuration comprises a second stimulation electrode and 
a second detection electrode. The two stimulation elec- 
trodes are positioned substantially in the center of the 
electrode housing and are arranged so that they are po- 

45 sitioned at opposite ends of the housing. The two stim- 
ulation electrodes are preferably arranged so that, when 
the housing is placed on the anterior aspect of an arm of 
a user, one of the stimulation electrodes is located im- 
mediately proximal to the wrist and the other at a location 

50 more proximal from the wrist. The two detection elec- 
trodes are also located at opposite ends of the housing, 
but they are positioned such that, when placed on the 
anterior aspect of an arm of a user, one detection elec- 
trode is located on the medial, and the otheron the lateral, 

55 side of the wrist. 

[0017] Methods of the invention relate to the assess- 
ment of neuromuscular function using an apparatus of 
the invention. Using an apparatus, as described above, 
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a stimulus is applied to a nerve that traverses the wrist 
of an individual proximal to the wrist. A muscle innervated 
by the nerve responds and thereby generates a myoe- 
lectric potential, which is detected proximal to the wrist 
of the individual. The detected response is processed by 5 
determining a first derivative of the myoelectric potential 
and, preferably, a second derivative of the myoelectric 
potential. In a preferred embodiment, these derivatives 
are used to determine an appropriate stimulation level, 
as well as to determine the delay between application of 
stimuli and detection of the associated responses. In an- 
other embodiment, additional measurements related to 
the delay are taken. For example, changes in the delay 
induced by application of at least two stimulus applica- 
tions is determined. The delay and associated parame- 
ters calculated from any of the measurements are then 
correlated to a physiological function of the nerve and 
muscle. 

[0018] In preferred embodiments, an apparatus of the 
invention is used to indicate the presence or absence of 
CTS. A plurality of stimuli are applied to a nerve passing 
through the carpal tunnel, such as, for example, the Me- 
dian nerve. The stimuli may be delivered one at a time 
at a predetermined rate or they may be delivered in pairs 
at a predetermined rate. If delivered in pairs, the appli- 
cation of stimuli is separated by a predetermined time 
interval. 

[0019] A plurality of myoelectric potentials are gener- 
ated by a muscle innervated by the stimulated nerve in 
response to the stimuli. Each myoelectic potential is gen- 
erated in response to a respective stimulus application. 
A delay for each of said stimulus applications and detect- 
ed responses is determined. Statistics such as, for ex- 
ample, mean and standard deviation, are calculated for 
the plurality of delays. The probable value that the indi- 
vidual has CTS is calculated based on these statistics. 
An indication of the presence or absence of CTS is then 
given based on that value. 

[0020] In other embodiments of the invention, the 
method may involve further steps. For example, in one 
embodiment of the invention, the method relates to cal- 
culating the difference between delays measured in re- 
sponse to two stimuli delivered at short temporal inter- 
vals, and determining the probable value that an individ- 
ual has CTS based on these delay differences and cal- 
culated statistics, as described above. In another em- 
bodiment, a level of noise is measured prior to stimulating 
the nerve. In yet another embodiment, the mean and 
standard deviation of the delays is adjusted relative to 
the skin temperature. 

[0021] An apparatus and method for the essentially 
automated and accurate assessment of neuromuscular 
function is therefore provided. The apparatus and meth- 
ods of the invention allow for the less costly and more 
readily available detection of neuromuscular patholo- 
gies, such as, for example, CTS, without the aid of a 
skilled professional. 

[0022] The invention will be understood further upon 



consideration of the following drawings, description, and 
claims. 

Description of the Drawings 
[0023] 

Figure 1 is an illustration of an embodiment of the 
apparatus of the invention attached to the wrist of a 
user. 

Figure 2A shows a top surface of the embodiment 
of the apparatus of the invention shown in Fig. 1. 

Figure 2B illustrates a bottom surface of the embod- 
iment of the apparatus of the invention shown in Fig. 
1 depicting an electrode configuration. 

Figure 3 is a block diagram of an embodiment of the 
apparatus of the invention. 

Figure 4 illustrates electronic circuitry for an embod- 
iment of an apparatus of the invention. 

Figure 5 is a graph showing a muscle response 
evoked and measured by an apparatus of the inven- 
tion. 

Figure 6 is a graph showing a second derivative of 
a muscle response signal evoked and measured by 
an apparatus of the invention. 

Figure 7 is flow chart of an embodiment of an algo- 
rithm for detecting carpal tunnel syndrome using an 
apparatus of the invention. 

Detailed Description of the Invention 

[0024] An illustrative embodiment of an apparatus of 
the invention and its placement on the users forearm 8 
is shown in FIG. 1. The invention consists of two major 
components: a neuromuscular electrode 1 and an elec- 
tronic monitor 2. The neuromuscular electrode 1 includes 
both a stimulator and a detector. The electronic monitor 
2 includes both a controller and an indicator. In this em- 
bodiment, the neuromuscular electrode 1 and electronic 
monitor 2 are physically separable with electrical con- 
nections between the two components established by 
physical contact between a connector 6, associated with 
the neuromuscular electrode 1 and connector slot 7 as- 
sociated with the electronic monitor 2. In another embod- 
iment, neuromuscular electrode 1 and electronic monitor 
2 constitute a single, physically inseparable unit. The 
electronic monitor 2 contains means to actuate the diag- 
nostic process. Referring to the illustrative embodiment 
shown in FIG. 1 , a push-button 3 is provided to initiate 
said diagnostic process. The electronic monitor 2 also 
contains an indicator to display or convey the results of 
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the diagnostic process. Referring to the illustrative em- 
bodiment shown in FIG. 1 , an indicator includes a display 
4, which includes two multi-segment light-emitting diodes 
(LEDs) and which provides feedback and results. Other 
indicators may be used, including, but not limited to, sin- 
gle and multicolor discrete LEDs. Other types of indica- 
tors, such as, for example, speakers, may provide audi- 
tory signals. The electronic monitor 2 also contains a 
communications port to connect and communicate with 
external devices. Referring to the illustrative embodiment 
shown in FIG. 1 , the communications port includes a jack 
5 into which a cable may be inserted. The other end of 
the cable is then connected to any number of different 
devices, including, but not limited to, computers and tel- 
ephone lines. 

[0025] The neuromuscular electrode 1 delivers elec- 
trical stimuli to the skin surface, detects biopotentials 
from the skin surface and measures additional physio- 
logical and biological parameters, such as, for example, 
skin temperature. As shown in FIG. 1 , the neuromuscular 
electrode 1 is placed on the anterior aspect of the forearm 
8 immediately proximal to the wrist crease 9. In the pre- 
ferred embodiment, the physical dimensions of the neu- 
romuscular electrode 1 are chosen from a predetermined 
set of dimensions which are optimized for the range of 
wrist sizes found in adults. For example, the electrodes 
may be configured in a small, regular and large size. Ad- 
ditional embodiments are contemplated in which the neu- 
romuscular electrode 1 includes means to vary its phys- 
ical dimensions over a predetermined range, such as, 
for example, being contained in an electrode housing, 
such as, an adjustable band or strap. The band or strap 
may also be detachable. 

[0026] An illustrative embodiment of the neuromuscu- 
lar electrode 1 is shown in FIG. 2A. FIG. 2A shows the 
top surface of the neuromuscular electrode 1 and its prop- 
er location on the user's wrist. In one embodiment, the 
top surface of the neuromuscular electrode 1 contains 
printe'd instructions 46 and/or other visual indications 45 
to help the user properly position it. FIG. 2B shows the 
bottom surface of the neuromuscular electrode 1 . The 
illustrative configuration allows muscle activity in the Th- 
enar muscle group 51 to be evoked and sensed when 
the neuromuscular electrode 1 is positioned immediately 
proximal to the wrist crease 9, as shown in FIG. 2A. Two 
bioelectrical transduction sites, 30 and 31, hereafter re- 
ferred to as the stimulation sites, are positioned approx- 
imately midway between the lateral end 19 and medial 
end 17 of the neuromuscular electrode 1. The two stim- 
ulation sites, 30 and 31, are arranged in a distal to prox- 
imal line such that one of the sites is near the distal end 
18 of the neuromuscular electrode 1 and one of the sites 
is near the proximal end 20 of the neuromuscular elec- 
trode 1. 

[0027] The stimulation sites may consist of stimulation 
electrodes comprised of delineated areas of bioelectrical 
signal transduction means that convert electronic signals 
into electrochemical ones and vice versa. In a preferred 



embodiment, these sites are composed of a plurality of 
layers of different materials with substantially the same 
area. A first layer is directly attached to the bottom face 
of the neuromuscular electrode 1 and is preferably 

5 formed by a thin layer of silver. A second layer is attached 
to first layer and preferably consists of a silver-chloride 
salt. A third layer is attached to second layer and contacts 
the user's skin on its exposed surface. The third layer is 
preferably composed of an electrolyte hydrogel, such as, 

w for example, sodium chloride. 

[0028] When the neuromuscular electrode 1 is prop- 
erly positioned as shown in FIG. 2A, the two stimulation 
sites, 30 and 31, will overlie the Median nerve 50. The 
nerve 50 is stimulated by passing a low amplitude current 

15 (e.g., typically less than 10 milliamps) through the two 
stimulation sites, 30 and 31. The current is provided by 
an external source electrically coupled to contacts, 34 
and 35, on the external connector 6. The contacts, 34 
and 35, and the stimulation sites, 30 and 31 , are coupled 

20 by electrically conductive and insulated means, 32 and 
33. 

[0029] Two transduction sites, 21 and 22, hereafter re- 
ferred to as the detection sites, are positioned at the ex- 
treme lateral end 19 and medial end 17 of the neuromus- 

25 cular electrode 1 near its distal end 18. In a preferred 
embodiment, the detection sites, 21 and 22, consist of 
detection electrodes comprised of delineated areas of 
bioelectrical signal transduction means that convert elec- 
tronic signals into electrochemical ones and vice versa. 

30 In a preferred embodiment, these sites are constructed 
in a substantially similar manner to the stimulation sites, 
30 and 31. 

[0030] Contraction of the Thenar muscles 51 will gen- 
erate a myoelectric potential and create a bioelectrical 

35 potential difference between the lateral 21 and medial 22 
detection sites due to the relative proximity of the lateral 
detection site 2 1 to the Thenar muscles 51 . This potential 
difference may be measured as a small (e.g., typically 
less than 0.5 mV) differential voltage between contacts, 

40 25 and 26, on the external connector 6. The contacts, 25 
and 26, and the detection sites, 21 and 22, are coupled 
by electrically conductive and insulated means, 23 and 
24. The measurement of the differential voltage signal is 
enhanced by the availability of a reference potential, 

45 which is provided by transduction site 27, hereafter re- 
ferred to as the reference site, or reference electrode. 
This site is positioned along the medial end 17 of the 
neuromuscular electrode 1 towards its proximal end 20. 
The position of the reference site 27 is, however, not 

50 critical and has relatively little effect on the function of 
the invention. In a preferred embodiment, the reference 
site 27 is constructed in a substantially similar manner 
to the stimulation sites, 30 and 31, and detection sites, 
21 and 22. The reference potential is made available at 

55 a contact 29 on the external connector 6, which is coupled 
to the reference site 27 by electrically conductive and 
insulated means 28. 

[0031] The neuromuscular electrode 1 contains a tem- 
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perature sensor 36, such as ( for example, a DS 1820 
(Dallas Semiconductor, Dallas, TX) or a thermistor. The 
temperature sensitive part of the sensor 36 contacts the 
users skin directly or indirectly through an intermediary 
material that efficiently conducts heat. The temperature 
sensor 36 can be placed at any available location within 
the area of the neuromuscular electrode 1 . The temper- 
ature sensor 36 is powered and transmits temperature 
information to electronic monitor 2 through two or more 
contacts, 39 and 40, on the external connector 6. The 
contacts, 39 and 40, and the temperature sensor 36 are 
coupled by electrically conductive and insulated means, 
37 and 38. 

[0032] Additional configurations and arrangements of 
transduction sites and sensors have been contemplated 
and should be considered within the scope of the present 
invention. One such configuration utilizes a single pair of 
transduction sites for both stimulation and detection 
through electronic multiplexing. 
[0033] The electronic monitor 2 has a number of func- 
tions. The monitor 2 detects, amplifies, processes and 
stores bioelectrical potentials, such as those generated 
by nerve or muscle activity. It also generates stimuli, such 
as steps of electrical current, with sufficient magnitude 
to trigger impulses in nerves or muscles. In addition, it 
communicates with the user and with external instru- 
ments, such as, for example, a personal computer. Fi- 
nally, the electronic monitor 2 includes a controller to 
process data and control the intensity and duration of 
stimulus applications. 

[0034] An illustrative block diagram of the electronic 
monitor 2 of FIG. 1 is shown in FIG. 3. Differential am- 
plifier 60 amplifies the voltage difference between the 
input terminals and generates a voltage that is propor- 
tional to that voltage difference. When the electronic 
monitor 2 and neuromuscular electrode 1 of FIG. 1 are 
connected by physical contact between connectors, 6 
and 7, the differential amplifier 60 of FIG. 3 is electrically 
coupled to detection sites, 21 and 22, and reference site 
27. Since the bioelectrical signals from the body surface 
typically have a source impedance between about 5 KCl 
to about 50 KH and contain large common mode signals, 
the differential amplifier 60 must have a high input im- 
pedance, a good common mode rejection ratio and a low 
leakage current. These requirements are preferably met 
by an instrumentation amplifier, such as, for example, 
the INA1 1 1 (Burr-Brown, Tuscon, AZ) or the AD621 (An- 
alog Devices, Norwood, MA). 

[0035] The differential amplifier 60 is electrically cou- 
pled to a signal conditioning unit 61 that prepares the 
signal for analog-to-digital conversion and subsequent 
processing. The signal conditioning unit 61 preferably 
removes DC offsets, amplifies, low-pass filters, and cre- 
ates a DC bias. The signal conditioning unit 61 is elec- 
trically coupled to an analog-to-digital converter on the 
controller 63. 

[0036] Temperature sensor interface electronics 62 
power the temperature sensor and convert temperature 



related signals into a form interpretable by controller 63. 
Stimulator 64 generates an electrical impulse with either 
or both of the magnitude and duration of the impulse be- 
ing determined by signals from controller 63. 
5 [0037] The stimulator 64 is preferably embodied by a 
circuit which gates the discharge of a capacitor charged 
to a high voltage {e.g., 100 volts). The capacitance value 
(e.g., 1. ixF is chosen so that the discharge time constant 
(e.g., several seconds) is much longer than the typical 

10 impulse duration (e.g., less than 1 millisecond). The volt- 
age across the capacitor is established by internal charg- 
ing means, such as, for example, a DC-DC converter. In 
another embodiment, it is established by external charg- 
ing means. In the later case, the stimulator 64 is capable 

15 of generating a finite number of electrical impulses before 
it has to be recharged by the external charging means. 
[0038] Actuating means 65 are electrically coupled to 
processor 63 and preferably embodied by one or more 
push button switches. Indicator 66 is also electrically cou- 

20 pled to controller 63 and preferably embodied in a single, 
or multi-segment, LED. Finally, external interface 67 is 
electrically coupled to controller 63 and preferably em- 
bodied as a standard RS-232 serial interface. The con- 
troller 63 performs analog-to-digital conversion, senses 

25 and controls I/O lines, and processes, analyzes and 
stores acquired data. The controller 63 is preferably em- 
bodied as a single, integrated, low-cost embedded mi- 
crocontroller. However, in other embodiments, the con- 
troller 63 is configured with multiple components, such 

30 as, for example, a microprocessor and external compo- 
nents that perform analog-to-digital conversion and other 
necessary functions. 

[0039] FIG. 4 shows a schematic diagram of the cir- 
cuitry of one embodiment of the electronic monitor 2 of 

35 FIG. 1 . The illustrative circuit of FIG. 4 includes a detec- 
tion sub-circuit, a stimulation sub-circuit and a control 
and processing sub-circuit. The detection stage is based 
on amplifier U1, a type INA1 1 1 (Burr-Brown, Tucson, AZ) 
instrumentation amplifier. Each of a pair of inputs of am- 

*o piifjer U1, 100 and 101, is electrically coupled to one of 
the detector sites, 21 and 22, of FIG. 2B. In addition, 
amplifier U1 has a reference pin 102 at which it receives 
a reference potential through electrical coupling to refer- 
ence site 27 of FIG. 2B. L/tisa monolithic instrumentation 

45 amplifier and requires one external component, a resis- 
tor, R7, to establish its amplification gain, which is pref- 
erably a factor of 10. Amplifier U1 is powered by a two 
sided symmetrical power supply providing + Vc 1 10 and 
- Vc 111 (e.g., 6 volts), as well as a ground 112. In a 

50 preferred embodiment, + Vc 1 1 0, - Vc 1 1 1 , and the ground 
1 12 are provided by two batteries, B1 and B2, connected 
in series, as shown in FIG. 4. The output of amplifier U1 
is coupled through a high pass filter formed by capacitor 
C1 and resistor R1 to the input of a non-inverting amplifier 

55 formed by operational amplifier U2a. The high pass filter 
removes any DC offset in the output of amplifier U1. In 
a preferred embodiment, capacitor C1 and resistor R1 
are chosen for a high pass corner frequency of about 2 



6 



11 



EP 0 993 270 B1 



12 



Hz. The gain of the non-inverting amplifier is established 
by resistors R2and RfOand is preferably set to a gain 
of 500. The output of first operational amplifier U2a is 
coupled to input of second operational amplifier U2b by 
a low pass filter formed by resistor R3 and capacitor C2. 
The low pass filter removes high frequency noise from 
the signal. In a preferred embodiment, resistor R3 and 
capacitor C2 are chosen for a low pass corner frequency 
of about 3 KHz. The second operational amplifier U2b is 
configured simply as an impedance buffer. The output of 
amplifier U2b is coupled to an analog-to-digital conver- 
sion pin on microcontroller U4 by a DC biasing circuit 
consisting of capacitor C4, along with resistors R8 and 
R9. The purpose of the DC biasing circuit is to insure that 
all signals vary from ground 1 12 to + Vc 110, since the 
analog-to-digital conversion electronics of microcontrol- 
ler U4 operate only on positive voltages. The detection 
stage also has a combination communication and power 
line 116, for interfacing to a "one-wire" temperature sen- 
sor 36 of FIG. 2B, connected to an I/O pin on microcon- 
troller U4. 

[0040] The stimulation sub-circuit of the apparatus is 
based on energy storage capacitor C3, which is a high 
capacitance (e.g., 1 jaF or greater) and high voltage (e.g., 
greater than 100 volts) capacitor. In one embodiment of 
the apparatus, capacitor C3 is charged to greater than 
100 volts by an external charging means 105. Capacitor 
C3 charging is accomplished by charging means 105, 
which passes electrical current between terminals 107 
and 106, which are temporarily electrically coupled to 
capacitor C3 terminals 109 and 108 during the charging 
period. Once capacitor C3 is charged, charging means 
105 is removed. Electrical stimulation of nerve and mus- 
cle is accomplished by discharging capacitor C3 through 
leads 103 and 1 04, which are electrically coupled to stim- 
ulation sites, 30 and 31. Control of stimulation duration 
is provided by a power MOSFET transistor Q1, which 
gates discharge according to a digital signal from micro- 
controller U4. Resistor R4 protects transistor Q1 by lim- 
iting the current that flows through it. 
[0041] The control and processing stages of the appa- 
ratus are based on microcontroller U4, which is prefera- 
bly a type PIC12C71 (Microchip, Chandler, AZ) micro- 
controller. U4 provides processing and storage capabil- 
ities, analog-to-digital conversion and input/output con- 
trol. In addition to the aforementioned connections to de- 
tection and stimulation subcircuits, microcontroller U4 
detects depression of switch S1, which is connected to 
an I/O pin and controls light emitting diode LED1, which 
is also connected to an I/O pin. Resistor/?*? limits current 
into the I/O pin when switch S1 is depressed and resistor 
R5 limits current through the light-emitting diode LED1. 
In addition, serial communication 1 1 5 to external devices 
is provided by the remaining available I/O pin. Control 
and processing algorithms are stored in microcontroller 
U4 and executed automatically upon application of pow- 
er. Other electronic circuitry may be used to perform the 
processes described above and is considered to be with- 



in the scope of the invention. One skilled in the art knows 
how to design electronic circuitry to perform the functions 
outlined above. 

[0042] A major object of the present invention is to 

5 serve as a detection system for CTS. Conventional de- 
tection of CTS is based on an analysis of certain features 
of the evoked muscle response, typically the distal motor 
latency (DML). The DML represents the time lag between 
stimulation of the Median nerve 50 immediately proximal 

10 to the wrist crease 9 and arrival of the neurally conducted 
impulse at the Thenar muscle group 51 after traversing 
the Carpal Tunnel. One of the most common and con- 
sistent indications of CTS is an increase in the DML. Al- 
though there is no single definition for the DML, it is gen- 

15 erally defined as the amount of time that elapses between 
the start of the stimulus (/.e., time = 0) and the occurrence 
of a consistent feature on the muscle response. 
[0043] A typical muscle response 120, evoked and ac- 
quired using an apparatus of the invention, is shown in 

20 FIG. 5. The vertical scale 121 indicates the amplitude of 
the muscle response in millivolts as measured between 
detection sites 21 and 22. The horizontal scale 122 indi- 
cates the elapsed time from the onset of the stimulation 
pu Ise (/. e., stimulus occurred at time = 0). The large signal 

25 transients 123 that occur in the first 2 milliseconds rep- 
resent stimulus associated artifacts and are unrelated to 
activity in the Thenar muscles 51 . An evoked muscle re- 
sponse 120 may be characterized by many parameters 
including, but not limited to, a time to onset 124, a time 

30 to peak 125, a peak amplitude 126, a peak to peak am- 
plitude 127 and a peak to peak width 128. In the illustra- 
tive example of FIG. 5, the time to onset 1 24 is about 3.7 
milliseconds, and the time to peak 125 is about 5.8 mil- 
liseconds. 

35 [0044] Because detection of the Thenar muscle 51 re- 
sponse occurs at a significant distance from its physio- 
logical site of origin, the intervening tissue acts as a low 
pass filter. This results in amplitude attenuation and tem- 
poral spreading of the detected waveform as compared 

40 to measurements taken directly over the Thenar muscles 
51. The decrease in amplitude results in a reduction in 
the signal-to-noise ratio of the detected muscle response 
120. The temporal spreading obscures sharp character- 
istic features of the response 120. Taken together these 

45 two low-pass related effects make a consistent and ac- 
curate identification of muscle response features, such 
as the time to onset 1 24 or the time to peak 1 25, difficult 
and highly variable, especially in the presence of various 
noise sources (e.g., extraneous muscle activity such as 

50 would be caused by a muscle twitch in an arm muscle). 
[0045] In a preferred embodiment, analysis of the mus- 
cle response 120 is significantly enhanced by preproc- 
essing it prior to determination of its characteristic fea- 
tures. One such preprocessing step is to take the second 

55 derivative of the muscle response 120 as shown in FIG. 
6. The advantageous nature of this preprocessing step 
is evident from the fact that the second derivative 130 
(solid line) has a peak 131 near the onset 124 of the 
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muscle response 120. Consequently, it is possible to ac- 
curately and consistently obtain a latency estimate 133 
by simply detecting the presence of this peak 131. By 
contrast, a direct estimation of the time to onset 1 24 from 
the muscle response 120 requires establishment of an 5 
arbitrary voltage threshold which may vary significantly 
among different individuals. 

[0046] In a preferred embodiment, the sharp peak 131 
in the second derivative 130 of FIG. 6 is obtained by first 
smoothing the muscle response 120, such as by, for ex- 
ample, convolving it with a normalized Gaussian wave- 
form with a predetermined standard deviation. Subse- 
quently, the first derivative is calculated by estimating the 
instantaneous slope for each data point in the muscle 
response 120. The second derivative is then calculated 
by estimating the instantaneous slope for each data point 
in the just computed first derivative. In order to conserve 
dynamic memory resources, the first and second deriv- 
atives 130 can be sequentially calculated for small sec- 
tions of the muscle response 1 20 and the values discard- 
ed if they do not indicate the presence of a peak 131 in 
the second derivative 130. 

[0047] Once the peaks 131 in the second derivative 
130 have been identified, the largest positive peak within 
a defined time window 136 is selected. This time window 
136 is defined as occurring between two time limits, 134 
and 135. In a preferred embodiment, the lower time limit 
134 is predetermined and reflects the amount of time 
required for artifacts 123 associated with the stimulus to 
decay to an amplitude that is significantly less than the 
amplitude of the actual signal evoked from the muscle 
120. The lower time limit 134 is preferably about 2.5 mil- 
liseconds. Other lower time limits may, however, be used. 
In addition, it is possible to dynamically establish the low- 
er time limit 134 by analyzing the amplitude decay of the 
stimulus associated artifact 123. The upper time limit 135 
is determined dynamically. In a preferred embodiment, 
the upper time limit 135 is set to reflect the time during 
which the first derivative of the evoked muscle response 
120 is positive. In other words, it reflects the period of 
time during which the evoked muscle response 120 is 
increasing. By establishing the upper time limit 135 in 
this fashion, large peaks 132 in the second derivative of 
the response 130, which occur in the latter portion of the 
response, are ignored and, therefore, do not result in 
incorrect estimates of the latency 133. 
[0048] In accordance with a preferred embodiment of 
the present invention, FIG. 7 shows an illustrative algo- 
rithm for detecting CTS using an apparatus of the inven- 
tion in an entirely automated fashion. The algorithm com- 
mences in process step 140 by activation of actuating 
means 65, such as, for example, by depression of a 
START switch S1. If the actuation means have been ac- 
tivated, the algorithm continues with process step 142. 
Otherwise process step 1 40 is continuously executed un- 
til the actuating means are activated, in process step 
142, the root-mean-square (RMS) value of the noise is 
obtained in the absence of any electrical stimulation and 



compared against a predetermined threshold, n max . If 
the noise RMS is less than n max , the algorithm continues 
with process step 146. However, if the noise RMS is 
greater than n max , the algorithm proceeds to process step 
144, in which indicator 66 is used to indicate a problem 
with the noise level to the user. Subsequently, the algo- 
rithm returns to process step 140 and waits for reactiva- 
tion of the START switch S1. 

[0049] In process step 146, the magnitude of stimuli 
to be used in diagnosing CTS is determined. In a pre- 
ferred process, this parameter is determined automati- 
cally without user involvement. This is accomplished by 
gradually increasing the stimulation duration in predeter- 
mined increments (e.g., 25 microseconds) until the 
evoked muscle response 120 meets one or more prede- 
termined criteria. As an illustrative example, the stimula- 
tion duration is increased until the peak of the first deriv- 
ative of the evoked muscle response 120 exceeds a pre- 
determined threshold (e.g., 0.1 mV/ms). If the proper 
stimulation duration is obtained, the algorithm proceeds 
from process step 148 to process step 152. If a proper 
stimulation magnitude is not obtained, (i.e., predeter- 
mined threshold not exceeded) the algorithm proceeds 
to process step 150, in which indicator 66 is used to in- 
dicate a problem with the determination of stimulation 
magnitude to the user. Subsequently, the algorithm re- 
turns to process step 140 and waits for reactivation of 
the START switch. 

[0050] Upon determination of the proper stimulation 
magnitude, the algorithm proceeds with process step 
152. In this step, the Median nerve 50 is stimulated at a 
predetermined rate {e.g., 2 Hz) for a predetermined du- 
ration (e.g., 2 seconds). Each Thenar muscle response 
1 20 is analyzed, as previously described, to estimate the 
distal motor latency (DML) as the first major peak 133 of 
the second derivative 130 of the muscle response 120. 
Furthermore, the plurality of DML estimates are com- 
bined to obtain a mean DML (m) and a standard deviation 
(s) about this mean. The algorithm then proceeds to proc- 
ess step 1 53 in which m and s are adjusted for variations 
in skin temperature. In particular, the following two ad- 
justment equations are applied: 



(A) Sconce ted — nWofrected + k|T + k2 



(B) Sconected ~ Suncorrectcd + k|T + 

The corrected mean DML (m^^^Jl and standard de- 
viation (Scorrected) represent the expected values at room 
temperature (i.e., 25° C or 298° K). The skin temperature, 
as measured by the temperature sensor 36, is represent- 
ed by the variable T. The values of constants k 1 and k 2 
are determined by a temperature calibration process. In 
this process, multiple measurements of the mean DML 
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are obtained at a variety of temperatures spanning the 
expected range of temperatures over which the invention 
is normally used {e.g., 25°C to 40° C). Subsequently, a 
linear regression is performed between the temperatures 
and the mean DML measurements. The constants k 1 and 
k 2 are determined directly from the regression coeffi- 
cients. 

[0051] The algorithm then continues with process step 
154, in which the standard deviation of the DML meas- 
urements, s, is compared against a predetermined 
threshold, s min If s is larger or equal to s mjn process step 
156 is executed. Process step 156 evaluates the number 
of times m and s have been determined. If these values 
have been calculated only once, the algorithm returns to 
process step 146, where determination of the proper 
stimulation level and all subsequent processing is repeat- 
ed. If m and s have been determined twice, however, 
process step 158 is executed, resulting in indication of a 
diagnostic error to the user through indicator 66. Subse- 
quently, the algorithm returns to process step 140 and 
waits for reactivation of the START switch S1. 
[0052] If in process step 154 it is determined that s is 
less than s min , the algorithm proceeds with process step 
160. In this step, the mean of the DML estimates, m, is 
compared against a first predetermined latency thresh- 
old » formal- ,f m is ,ess tn an t normgh the algorithm proceeds 
to process step 162, in which a normal {i.e., user does 
not have CTS) test result is indicated to user through 
indicator 66. Subsequently, the algorithm returns to proc- 
ess step 140 and waits for reactivation of the START 
switch SI If m is greater or equal to t normah the algorithm 
proceeds with process step 1 64, in which the mean distal 
motor latency, m, is compared against a second prede- 
termined latency value, / crs If m is greater than t CTS the 
algorithm proceeds to process step 166, in which an ab- 
normal {i.e., user has CTS) test result is indicated to user 
through indicator 66. Subsequently, the algorithm returns 
to process step 140 and waits for reactivation of the 
START switch S1. 

[0053] If neither of the two previous inequalities is true, 
the algorithm continues with process step 168. In this 
step, the Median nerve 1 50 is stimulated by pairs of elec- 
trical stimuli spaced apart at a predetermined temporal 
interval {e.g., 3 milliseconds). For each evoked muscle 
response 1 20, the difference between the DML estimated 
from the first and second stimuli is determined. Further- 
more, the plurality of DML difference estimates are com- 
bined to obtain a mean DML difference {m) and a stand- 
ard deviation {s) about this mean. Upon measurement 
of these two parameters, the algorithm proceeds to proc- 
ess step 170 in which the mean DML difference, m'is 
compared against a predetermined threshold, t shifl . If m' 
is greater than t shjfb process step 166 is executed, in 
which an abnormal test result is indicated to the user, as 
described above. If this inequality does not hold, then an 
unknown test result is indicated to user in process step 
172. Subsequently, the algorithm returns to process step 
140 and waits for activation of the START switch S1. 



[0054] The aforementioned algorithm is intended for 
illustrative purposes only. Other algorithms may be de- 
veloped which detect CTS using an apparatus of the in- 
vention. For example, parameters other than the DML 
5 may be incorporated into the diagnostic algorithm. Illus- 
trative parameters include: waveform features of the 
evoked muscle response 120, such as, for example, the 
amplitude and width. Additional illustrative parameters 
include waveform features of processed forms of the 

io evoked muscle response 120, such as, for example, its 
derivatives, its Fourier transform, and other parameters 
derived from statistical analyses {e.g., principal compo- 
nent analysis). Furthermore, additional parameters are 
obtained by comparison of any of the above parameters 

is at different stimulation levels. 

[0055] Although the illustrative algorithms described 
above pertain to the detection of CTS, the apparatus of 
the present invention may used to detect other forms of 
nerve disease and to evaluate neuromuscular blockade. 

20 For example, the train-of-four (TOF) protocol, which is 
commonly used to evaluate the degree of neuromuscular 
blockade in anesthetized patients, is readily implement- 
ed using an apparatus of the invention. In particular, a 
predetermined number (usually four) of muscle respons- 

25 es 120 are evoked at a predetermined rate {e.g., 2 Hz) 
and the amplitude 126 of each response determined. 
Subsequently, the ratio of the amplitude of the last of the 
plurality of muscle responses to be evoked is divided by 
the amplitude of the first of the plurality of muscle re- 

30 sponses to be evoked. This ratio is recognized as a sen- 
sitive indicator of neuromuscular blockade. 
[0056] The disclosed invention provides a new ap- 
proach to monitoring neuromuscular physiology. Appa- 
ratus and methods are described for the substantially 

35 automated and highly efficient measurement of many dif- 
ferent parameters of neuromuscular physiology. These 
indicators may be used to detect Carpal Tunnel Syn- 
drome (CTS) and other peripheral nerve diseases, as 
well as to monitor neuromuscular blockade caused by 

40 pathological, pharmacological and chemical means. The 
invention possesses the significant advantage that, un- 
like conventional measurements of nerve conduction 
across the wrist, the disclosed invention provides for a 
single integrated neuromuscular electrode that is placed 

45 immediately proximal to the wrist {i.e., the wrist crease). 
This is a very familiar anatomic location and so the place- 
ment operation is rapidly and easily undertaken by most 
adults. Unlike apparatus and methods of the prior art, the 
disclosed invention does not require placement of multi- 

50 pie sets of electrodes on both sides of the wrist, which is 
a difficult and error prone procedure for non-experts. An 
additional advantage of the disclosed invention emerges 
from the fact that the integrated neuromuscular elec- 
trodes may be manufactured as a low-cost, disposable 

55 item. Consequently, the possibility of cross-contamina- 
tion among users of the apparatus is significantly re- 
duced. Furthermore, the low-cost, and ease of use will 
promote frequent monitoring of neuromuscular disor- 
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ders, such as CTS, providing the potential benefits of 
early detection and regular tracking of the disease. An- 
other advantage of the present invention is that the proc- 
ess of evoking, detecting and processing neuromuscular 
signals is carried out in an entirely automated fashion, 5 
without requiring involvement of either the user of the 
apparatus or trained personnel. A further advantage of 
the present invention is that the smallest and fewest elec- 
trical stimuli consistent with an accurate diagnostic as- 
sessment are used. As a result, discomfort to the user is 10 
minimized and, in most cases, eliminated entirely. 
[0057] While the present invention has been described 
in terms of certain exemplary preferred embodiments, it 
will be readily understood and appreciated by one of or- 
dinary skill in the art that it is not so limited, and that many 15 
additions, deletions and modifications to the preferred 
embodiments may be made within the scope of the in- 
vention as hereinafter claimed. Accordingly, the scope 
of the invention is limited only by the scope of the ap- 
pended claims. 20 



Claims 

1 . An apparatus for assessing a physiological function 25 
in an arm and a hand of an individual, comprising: 

a stimulator (30) for producing and applying a 
stimulus, a detector (22) for detecting a myoe- 
lectric potential and a controller (2), wherein: 30 

the apparatus is configured so as to be re- 
leasably securable to the arm of the individ- 
ual substantially proximal the wrist of the 
individual and the stimulator (30) and de- 35 
tector (22) are positioned on the apparatus 
such that when the apparatus is secured to 
the forearm (8) of the individual substantial- 
ly proximal the wrist of the individual the 
stimulator (30) is located proximal to said *o 
wrist whereby application of said stimulus 
stimulates a nerve (50) that traverses said 
wrist; and the detector (22) is located prox- 
imal to said wrist whereby said myoelectric 
potential is generated by a muscle (5) in 45 
communication with said nerve in said hand 
of said individual in response to said stim- 
ulus; and 

the controller (2) is arranged to evaluate a 
physiological function in response to said so 
stimulus and said myoelectric potential. 

2. The apparatus of claim 1 , wherein said controller (2) 
is further arranged to determine a delay between ap- 
plication of said stimulus and detection of said myo- 55 
electric potential and, optionally, 

said controller (2) is further arranged to correlate said 
delay to the presence or absence of carpal tunnel 
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syndrome. 

3. The apparatus of claim 1 , wherein said stimulus is 
an electrical stimulus or a magnetic stimulus. 

4. The apparatus of claim 1 , further comprising any of: 

a) a stimulation electrode in electrical commu- 
nication with said stimulator (30); 

b) a detection electrode in electrical communi- 
cation with said detector (22); 

c) a reference electrode (27) positioned for 
placement on said arm proximal to said wrist 
and in electrical communication with said con- 
troller; 

d) a temperature sensor (36) in electrical com- 
munication with said controller; 

e) an indicator in electrical communication with 
said controller and arranged to receive indicia 
from said controller (2) and indicating said phys- 
iological function, in which case, optionally, ei- 
ther: 

i) said indicator is further arranged to indi- 
cate the presence of absence of carpal tun- 
nel syndrome, or 

ii) said indicator comprises a light emitting 
diode; and 

0 a communications port arranged to establish 
communication between said apparatus and an 
external device. 

5. The apparatus of claim 1, in which 

the stimulator includes a stimulation electrode (30); 
the detector includes a detection electrode (22); 
and wherein said electrodes (30, 22) are sized and 
shaped for positioning on an anterior aspect of said, 
arm (8) of said individual, and comprise an electrode 
configuration for assessing neuromuscular functions 
in an arm of said individual. 

6. The apparatus of claim 5, and any of: 

a) the electrode configuration further comprising 
a temperature sensor (36); 

b) the electrode configuration, further compris- 
ing a reference electrode (27); 

c) said stimulation electrode (30) and said de- 
tection electrode (22) are contained in an elec- 
trode housing, in which case, optionally, any of: 

i) said electrode housing is adapted for 
placement on said arm (8) of said individual 
substantially proximal to said wrist, in which 
case, further optionally, 
further comprising a second stimulation 
electrode (31), in which case, further option- 
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ally, either: 

a) said stimulation electrode (30) and 
said second stimulation electrode (31) 
are positioned substantially in the cent- 5 
er of said electrode housing; or 
p) said stimulation electrode (30) and 
said second stimulation electrode (30) 
and said second stimulation electrode 
(31) are arranged such that one of said 10 
stimulation electrodes is positioned at 
one end of said electrode housing and 
the other of said stimulation electrodes 
is positioned at the opposite end of said 
electrode housing, such that, when said 15 
electrode housing is placed on said an- 
terior aspect of said arm, one of said 
stimulation electrodes is located imme- 
diately proximal to said wrist and the 
other of said stimulation electrodes is 20 
located at a position more proximal 
from said wrist; 

ii) the electrode configuration further com- 
prising a second detection electrode (26); 25 
and optionally said detection electrode (25) 
and said second detection electrode (26) 

are arranged such that one of said detection 
electrodes is positioned at one end of said 
electrode housing and the other of said de- 30 
tection electrodes is positioned at the oppo- 
site end of said electrode housing, such 
that, when said electrode housing is placed 
on said anterior aspect of said arm, one of 
said detection electrodes is located near the 35 
medial side of said arm and the other of said 
detection electrodes is located near the lat- 
eral side of said arm; 

iii) the electrode configuration further com- 
prising an attachment mechanism for secur- *o 
ing said electrode housing to said arm of 
said individual; and 

iv) said electrode housing comprises a con- 
nector adapted for electrical communica- 
tion with an apparatus of claim 1; or said *5 
electrode housing is disposable. 

A method of assessing nerve conduction parameters 
in an arm of an individual, comprising the steps of: 

50 

a) applying a stimulus proximal to a wrist of said 
individual, whereby application of said stimulus 
stimulates a a nerve that traverses said wrist; 

b) detecting a myoelectric potential proximal to 

the wrist of the individual, said myoelectric po- 55 
tential being generated by a muscle in the hand 
of said individual in response to said stimulus, 
said muscle being in communication with said 



nerve; 

c) processing said stimulus and said myoelectric 
potential to obtain processing results; and 

d) evaluating said nerve conduction parameters 
based on said processing results. 

8. The method of claim 7, and any of: 

a) the method further comprising the step of in- 
dicating the results of said evaluating step, in 
which case, optionally, 

said indicating step further comprising the step 
of indicating the differences between said nerve 
conduction parameters and an expected value; 

b) said processing step further comprises the 
step of determining a delay between application 
of said stimulus and detection of said myoelec- 
tric potential, in which case, optionally, 

said step of determining a delay between appli- 
cation of said stimulus and detection of said 
myoelectric potential comprises the step of de- 
termining a second derivative of said myoelec- 
tric potential; 

c) the method further comprising the step of de- 
termining a first derivative of said myoelectric 
potential, in which case, optionally, 

further comprising the step of repeating steps a) 
and b) of claim 7 at incrementally increasing 
stimulus durations until said first derivative for 
one of said myoelectric potentials exceeds a 
predetermined level; 

d) said evaluating step further comprises the 
step of comparing said nerve conduction param- 
eters to an expected value; and 

e) further comprising the step of determining a 
delay between application of said stimulus and 
detection of said myoelectric potential for at least 
two stimulus applications and comparing the de- 
lays determined in response to application of 
each of said at least two stimulus applications. 

Patentanspruche 

1. Eine Apparatur zum Bestimmen einer physiologi- 
schen Funktion in einem Arm und einer Hand eines 
Individuums, aufweisend: 

einen Stimulator (30) zum Erzeugen und An- 
wenden eines Stimulus, einen Detektor (22) zur 
Detektion eines myoelektrischen Potentials und 
einen Kontroller (2), wobei: 

die Apparatur so konfiguriert ist, dass sie 
losbar an dem Arm des Individuums, im We- 
sentiichen in der Nahe des Handgelenks 
des Individuums, befestigt werden kann 
und der Stimulator (30) und der Detektor 
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(22) auf der Apparatur angebracht werden, 
so dass, wenn die Apparatur am Unterarm 
(8) des Individuums im Wesentlichen in der 
Nahe des Handgelenks des Individuums 
befestigt wird, der Stimulator (30) in der Na- 
he des genannten Handgelenks angeord- 
net wird, wobei Anwendung des genannten 
Stimulus einen Nerv (50) stimuliert, der das 
genannte Handgelenk uberquert, und der 
Detektor (22) in der Nahe des genannten 
Handgelenkes angeordnet ist, wobei das 
genannte myoelektrische Potential durch 
einen Muskel (5), der mit dem genannten 
Nerv in der genannten Hand des genannten 
Individuums in Verbindung stent, ats Ant- 
wort auf den genannten Stimulus erzeugt 
wird und 

der Kontroller (2) so angeordnet ist, urn eine 
physiologische Funktion als Antwort auf 
den genannten Stimulus und das genannte 
myoelektrische Potential auszuwerten. 

Apparatur aus Anspruch 1 , wobei der genannte Kon- 
troller (2) weiterhin so angeordnet ist, urn eine Ver- 
zogerung zwischen Anwendung des genannten Sti- 
mulus und Detektion des genannten myoelektri- 
schen Potentials zu bestimmen und wahlweise 
der genannte Kontroller (2) weiterhin so angeordnet 
ist, dass die genannte Verzogerung mit der Gegen- 
wartoderAbwesenheiteines Karpaltunnelsyndroms 
korreliert. 



Die Apparatur aus Anspruch 1 , wobei der genannte 
Stimulus ein elektrischer Stimulus Oder ein magne- 
tischer Stimulus ist. 35 

Die Apparatur aus Anspruch 1 , weiterhin aufweisend 
eines aus: 

a) einer Stimulationselektrode in elektrischer *o 
Verbindung mit dem genannten Stimulator (30), 

b) einer Detektionselektrode in elektrischer Ver- 
bindung mit dem genannten Detektor (22), 

c) einer Referenzelektrode (27), positioniert, urn 
auf dem genannten Arm in der Nahe des ge- *5 
nannten Handgelenks und in elektrischer Ver- 
bindung mit dem genannten Kontroller platziert 

zu werden, 

d) einem Temperaturfuhler (36) in elektrischer 
Verbindung mit dem genannten Kontroller, 50 

e) einem Indikator in elektrischer Verbindung mit 
dem genannten Kontroller und so angeordnet, 
urn Hinweise von dem genannten Kontroller (2) 
zu empfangen und die genannte physiologische 
Funktion anzuzeigen, in welchem Falle wahl- 55 
weise entweder: 

i) der genannte Indikator weiterhin so ange- 



ordnet wird, dass er die Gegen wart oderAb- 
wesenheit von Karpaltunnelsyndrom an- 
zeigt, oder 

ii) der genannte Indikator eine Leuchtdiode 
aufweist und 

f) einem Kommunikationsanchtuss, so angeord- 
net, urn die Kommunikation zwischen der ge- 
nannten Apparatur und einer externen Vorrich- 
tung zu ermoglichen. 

Die Apparatur aus Anspruch 1 , wobei 

der Stimulator eine Stimulationselektrode (30) be- 

inhaltet, 

der Detektor eine Detektionselektrode (22) beinhal- 
tet, 

und wobei die genannten Elektroden (30, 22) so ab- 
gemessen und geformt sind, urn sie auf einer vor- 
deren Seite des genannten Arms (8) des genannten 
Individuums zu positionieren und eine Elektroden- 
konfiguration aufweisen, urn neuromuskulare Funk- 
tionen in einem Arm des genannten Individuums zu 
bestimmen. 



25 6. Apparatur aus Anspruch 5 und eines aus: 



a) der Elektrodenkonfiguration, weiterhin auf- 
weisend einen Temperatursensor (36), 

b) der Elektrodenkonfiguration, weiterhin auf- 
weisend eine Referenzelektrode (27), 

c) der genannten Stimulationselektrode (30) 
und der genannten Detektionselektrode (22), 
die in einem Elektrodengehause enthalten sind, 
in welchem Fall wahlweise eines aus: 



10 



15 



20 



30 



i) dem genannten Elektrodengehause so 
angepasst ist, dass es auf dem genannten 
Arm (8) des genannten Individuums im We- 
sentlichen in der Nahe des genannten 
Handgelenks platziert werden kann, in wel- 
chem Falle weiterhin wahlweise, 
weiterhin eine zweite Stimulationselektrode 
(31) enthalten ist, in welchem Falle weiter- 
hin wahlweise entweder: 

a) die genannte Stimulationselektrode 
(30) und die genannte zweite Stimula- 
tionselektrode (31) im Wesentlichen im 
Zentrum des genannten Elektrodenge- 
hauses positioniert sind, Oder 
P) die genannte Stimulationselektrode 
(30) und die genannte zweite Stimula- 
tionselektrode (30) und die genannte 
zweite Stimulationselektrode (31) so 
angeordnet sind, dass eine der ge- 
nannten Stimulationselektroden an ei- 
nem Ende des genannten Etektroden- 
gehauses positioniert ist und die ande- 
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re der genannten Stimulationselektro- 
den an dem gegenuberliegenden Ende 
des genannten Elektrodengehauses 
positioniert ist, so dass wenn das ge- 
nannte Elektrodengehause auf die ge- 5 
nannte vordere Selte des genannten 
Arms platziert wird, eine der genannten 
Stimulationselektroden sich sofort in 
der Nahe des genannten Handgetenks 
befindet und die andere der genannten w 
Stimulationselektroden sich an einer 
Position weiter rumpfwarts von dem ge- 
nannten Handgelenk befindet, 

ii) die Elektrodenkonfigu ration weiterhin ei- 15 
ne zweite Detektionselektrode (26) auf- 
weist und wahlweise die genannte Detekti- 
onselektrode (25) und die genannte zweite 
Detektionselektrode (26) so angeordnet 
sind, dass eine der genannten Detektions- 20 
elektroden an einem Ende des genannten 
Elektrodengehauses positioniert ist und die 
andere der genannten Detektionselektro- 
den an dem gegenuberliegenden Ende des 
genannten Elektrodengehauses positio- 25 
niert ist, so dass, wenn das genannte Elek- 
trodengehause an der genannten vorderen 
Seite des genannten Arms platziert wird, ei- 
ne der genannten Detektionselektroden 
sich in der Nahe der medialen Seite des ge- 30 
nannten Arms befindet und die andere der 
genannten Detektionselektroden sich in der 
Nahe der lateralen Seite des genannten 
Arms befindet, 

Hi) die Elektrodenkonfiguration weiterhin ei- 35 
nen Befestigungsmechanismus aufweist, 
urn das genannte Elektrodengehause an 
dem genannten Arm des genannten Indivi- 
duums zu befestigen und 
iv) das genannte Elektrodengehause einen *o 
Anschluss aufweist, der fur elektrische 
Ubertragung mit einer Apparatur gemaR 
Anspruch 1 geeignet ist, oder das genannte 
Elektrodengehause wegwerfbar ist. 

45 

Ein Verfahren zum Bestimmen von N erven leitungs- 
parametern in einem Arm eines Individuums, auf- 
weisend die Schritte aus: 

a) Anwenden eines Stimulus in der Nahe eines 50 
Handgelenks des genannten Individuums, wo- 

bei das Anwenden des genannten Stimulus ei- 
nen Nerv stimuliert, der das genannte Handge- 
lenk uberquert, 

b) Detektieren eines myoelektrischen Potentials 55 
in der Nahe des Handgelenks des Individuums, 
wobei das myoelektrische Potential von einem 
Muskel in der Hand des genannten Individuums 



als Antwort auf den genannten Stimulus erzeugt 
wird, wobei der genannte Muskel mit dem ge- 
nannten Nerv kommuniziert, 

c) Verarbeiten des genannten Stimulus und des 
genannten myoelektrischen Potentials, urn Ver- 
arbeitungsergebnisse zu erhalten und 

d) Auswerten der genannten Nervenleitungspa- 
rameter, basierend auf den genannten Verar- 
beitungsergebnissen. 

8. Das Verfahren aus Anspruch 7 und einem aus: 

a) dem Verfahren, weiterhin aufweisend den 
Schritt des Anzeigens der Ergebnisse des ge- 
nannten Auswertungsschrittes, inwelchem Fal- 
le wahlweise der genannte Anzeigeschritt wei- 
terhin den Schritt aufweist, dass die Unterschie- 
de zwischen den genannten Nervenleitungspa- 
rametern und einem erwarteten Wert angezeigt 
werden, 

b) dem genannten Verarbeitungsschritt, weiter- 
hin aufweisend den Schritt der Bestimmung ei- 
ner Verzoge rung zwischen Anwendung des ge- 
nannten Stimulus und der Detektion des ge- 
nannten myoelektronischen Potentials, in wel- 
chem Falle wahlweise der genannte Schritt der 
Bestimmung einer Verzogerung zwischen dem 
Anwenden des genannten Stimulus und der De- 
tektion des genannten myoelektrischen Poten- 
tials einen Schritt der Bestimmungen einer zwei- 
ten Ableitung des genannten myoelektrischen 
Potentials aufweist, 

c) dem Verfahren, weiterhin aufweisend den 
Schritt des Bestimmens einer ersten Ableitung 
des genannten myoelektrischen Potentials, in 
diesem Falle wahlweise weiterhin aufweisend 
den Schritt der Wiederholung der Schritte a) und 
b) aus Anspruch 7 mit inkrementell ansteigen- 
den Stimulusdauern, bis die genannte erste Ab- 
leitung fur eines der genannten myoelektrischen 
Potentiale einen vorher bestimmten Wert uber- 
schreitet, 

d) dem genannten Bewertungsschritt, weiterhin 
aufweisend den Schritt des Vergleichs des ge- 
nannten Nervenleitungsparameters mit einem 
erwarteten Wert und 

e) weiterhin aufweisend den Schritt der Bestim- 
mung einer VerztSgerung zwischen Anwen- 
dung des genannten Stimulus und Detektion 
des genannten myoelektrischen Potentials fur 
zumindest zwei Stimulusanwendungen und 
Vergleich der Verzogerungen, die in Antwort auf 
die Anwendungen fur jede der genannten zu- 
mindest zwei Stimulusanwendungen bestimmt 
werden. 



13 



25 



EP 0 993 270 B1 



26 



Revendications 

1. Appareil permettant d'evaluer une fonction physio- 
logique dans un bras et une main d'une personne, 
comprenant : 5 

un stimulateur (30) permettant de produire et 
d'appliquer un stimulus, un detecteur (22) 
permettant de detecter un potentiel myoelectri- 
que et un circuit de commande (2), dans leque! : io 

I'appareil est configure de maniere a pou- 
voir etre fixe de maniere detachable sur le 
bras de la personne substantiellement a 
proximite du poignet de la personne et le 15 
stimulateur (30) et le detecteur (22) sont po- 
sitionnes sur I'appareil de telle sorte que, 
quand i'appareil est fixe sur I'avant-bras (8) 
de la personne substantiellement a proxi- 
mite du poignet de ia personne, le stimula- 20 
teur (30) est localise pres dudit poignet de 
maniere que I'application dudit stimulus sti- 
mule un nerf (50) qui traverse ledit poignet ; 
et le detecteur (22) est localise a proximite 
dudit poignet de maniere que ledit potentiel 25 
myoelectrique est genere par un muscle (5) 
en communication avec ledit nerf dans la- 
dite main de ladite personne en reponse 
audit stimulus ; et 

le circuit de commande (2) est agence afin 30 
d'evaluer une fonction physiologique en re- 
ponse audit stimulus et audit potentiel 
myoelectrique. 

2. Appareil selon la revendication 1 , dans lequel (edit 35 
circuit de commande (2) est en outre agence afin de 
determiner un retard entre I'application dudit stimu- 

. lus et la detection dudit potentiel myoelectrique et, 
facultativement, ledit circuit de commande (2) est en 
outre agence pour correler ledit retard a la presence 4 <> 
ou a I'absence d'un syndrome du canal carpien. 

3. Appareil selon la revendication 1, dans lequel ledit 
stimulus est un stimulus electrique ou un stimulus 
magnetique. 45 

4. Appareil selon la revendication 1, comprenant en 
outre Tun quelconque parmi : 

a) une electrode de stimulation en communica- so 
tion electrique avec ledit stimulateur (30) ; 

b) une electrode de detection en communication 
electrique avec ledit detecteur (22) ; 

c) une electrode de reference (27) positionnee 
pour etre placee sur ledit bras a proximite dudit 55 
poignet et en communication electrique avec le- 
dit circuit de commande ; 

d) un capteur de temperature (36) en commu- 



nication electrique avec ledit circuit de 
commande ; 

e) un indicateur en communication electrique 
avec ledit circuit de commande et agence pour 
recevoir des indices dudit circuit de commande 
(2) et indiquant ladite fonction physiologique, 
dans ce cas, facultativement, soit : 

i) ledit indicateur est en outre agence pour 
indiquer la presence ou I'absence d'un syn- 
drome du canal carpien, soit 

ii) ledit indicateur comprend une diode 
emettrice de lumiere ; et 

f) un port de communication agence pour etablir 
une communication entre ledit appareil et un dis- 
positif externe. 

Appareil selon la revendication 1 , dans lequel 
le stimulateur comprend une electrode de stimula- 
tion (30) ; 

le detecteur comprend une electrode de detection 
(22); 

et dans lequel lesdites electrodes (30, 22) sont di- 
mensionnees et ont une forme permettant un posi- 
tionnement sur une face anterieure dudit bras (8) de 
ladite personne, et comprennent une configuration 
d'electrode permettant d'evaluer les fonctions neu- 
romusculaires dans un bras de ladite personne. 

Appareil selon la revendication 5, et Tune quelcon- 
que parmi : 

a) la configuration d'electrode comprenant en 
outre un capteur de temperature (36) ; 

b) la configuration d'electrode, comprenant en 
outre une electrode de reference (27); 

c) ladite electrode de stimulation (30) et ladite 
electrode de detection (22) sont contenues dans 
un bottler d'electrodes, dans ce cas, facultative- 
ment, 

i) ledit boitier d'electrodes est adapte pour 
etre place sur ledit bras (8) de ladite per- 
sonne sensiblement proximal audit poignet, 
dans ce cas, comprenant facultativement 
en outre une deuxieme electrode de stimu- 
lation (31), dans ce cas, en outre facultati- 
vement, soit : 

a) ladite electrode de stimulation (30) 
et ladite deuxieme electrode de stimu- 
lation (31) sont positionnees substan- 
tiellement au centre dudit boitier 
d'electrodes ; soit 

P) ladite electrode de stimulation (30) 
et ladite deuxieme electrode de stimu- 
lation (31) sont agencees de telle sorte 
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qu'une desdites Electrodes de stimula- 
tion est position nee a une extremite du- 
dit boitier d'electrodes et I'autre desdi- 
tes electrodes de stimulation est posi- 
tionnee a I'extremite opposee dudit boT- 5 
tier d'electrodes, de telle sorte que, 
quand ledit boitier d'electrodes est pla- 
ce sur une face anterieure dudit bras, 
une desdites electrodes de stimulation 
est localisee a proximite immediate du- 10 
dit poignet et I'autre desdites electro- 
des de stimulation est localisee a une 
position plus proche dudit poignet. 

(ii) la configuration d'electrode comprenant 15 
en outre une deuxieme electrode de detec- 
tion (26) ; et ladite electrode de detection 
(25) et ladite deuxieme electrode de detec- 
tion (26) sont facultativement agencees de 
telle sorte qu'une desdites electrodes de 20 
detection est positionnee une extremite du- 
dit boitier d'electrodes et I'autre desdites 
electrodes de detection est positionnee a 
I'extremite opposee dudit boitier d'electro- 
des, de telle sorte que, quand ledit boitier 25 
d'electrodes est place sur ladite face ante- 
rieure dudit bras, une desdites electrodes 
de detection est localisee pres du cote in- 
terne dudit bras de I'autre desdites electro- 
des de detection est localisee pres du cote 30 
lateral dudit bras ; 

iii) la configuration d'electrode comprenant 
en outre un mecanisme de fixation pour fixer 
ledit boitier d'electrodes audit bras de ladite 
personne ; et 35 

iv) ledit boTtier d'electrodes comprend un 
connecteur adapte pour une communica- 
tion electrique avec un appareil selon la re- 
vendication 1 ; ou ledit boitier d'electrodes 
estjetable. 40 

Procede devaluation des parametres de conduction 
des nerfs dans un bras d'une personne, comprenant 
les etapes consistant a : 

45 

a) appliquer un stimulus a proximite d'un poignet 
de ladite personne de maniere que I'application 
dudit stimulus stimule un nerf qui traverse ledit 
poignet ; 

b) detecter un potentiel myoelectrique proximal 50 
au poignet de la personne, ledit potentiel myoe- 
lectrique etant genere par un muscle dans la 
main de ladite personne en reponse audit sti- 
mulus, ledit muscle etant en communication 
avec ledit nerf ; 55 

c) traiter ledit stimulus et ledit potentiel myoe- 
lectrique pour obtenir des resultats de 
traitement ; et 



d) evaluer lesdits parametres de conduction des 
nerfs sur la base desdits resultats de traitement. 

8. Procede selon la revendication 7, et Tun quelconque 
parmi : 

a) le procede comprenant en outre I'etape con- 
sistant a indiquer les resultats de ladite etape 
devaluation, dans ce cas, facultativement, ladi- 
te etape dedication comprend en outre I'etape 
consistant a indiquer les differences entre les- 
dits parametres de conduction des nerfs et une 
valeur attendue ; 

b) ladite etape de traitement comprend en outre 
I'etape de determination d'un retard entre I'ap- 
plication dudit stimulus et la detection dudit po- 
tentiel myoelectrique, dans ce cas, facultative- 
ment, 

ladite etape de determination d'un retard entre 
I'application dudit stimulus et la detection dudit 
potentiel myoelectrique comprend I'etape con- 
sistant a determiner une derivee seconde dudit 
potentiel myoelectrique ; 

c) le procede comprenant en outre I'etape de 
determination d'une derivee premiere dudit po- 
tentiel myoelectrique, dans ce cas, facultative- 
ment, 

comprenant en outre I'etape de repetition des 
etapes a) et b) de la revendication 7 a des durees 
de stimulus augmentant de facon incrementielle 
jusqu'a ce que la derivee premiere pour un des- 
dits potentiels myoelectriques depasse un ni- 
veau predetermine ; 

d) ladite etape devaluation comprenant en outre 
I'etape de comparaison desdits parametres de 
conduction des nerfs a une valeur attendue ; et 

e) comprenant en outre I'etape de determination 
d'un retard entre I'application dudit stimulus et, 
la detection dudit potentiel myoelectrique pour 
au moins deux applications de stimulus et de 
comparaison des retards determines en repon- 
se a I'application de chacune desdites au moins 
deux applications de stimulus. 
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FIG. 1 
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FIG. 2b 
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